Abstract Remnants of four aggradational terraces in the lower 45 km of the main branch of the Waipaoa River have been correlated with cold/cool climate episodes of the Otiran glaciation. The youngest of the aggradation levels-the Waipaoa-1 terrace-has the c. 14.7 kaRerewhakaaituTephra as the oldest part of the coverbed sequence, indicating cessation of aggradation about 16 ka BP. This terrace is broadly correlated with Ohakean-aged terraces in other parts of the North Island. The second most recent episode of aggradation-the Waipaoa-2 terrace-is slightly older than Received 13 October 1998; accepted 24 March 2000 the c. 28 ka Mangaone Tephra, and is broadly correlated with the Rata terrace. The third most recent aggradation episodethe Waipaoa-3 terrace-is slightly older than the c. 55-57 ka Rotoehu Tephra (age estimate based on stratigraphic relationships in this study), indicating cessation of aggradation at c. 65 ka BP, and correlative with the Porewa terrace. The fourth, and oldest, aggradation episode we identify in the present landscape-the Waipaoa-4 terracehas poor age constraints, but is probably related to the cool period of late oxygen isotope stage 5 at c. 90 ka BP or the glacial period of oxygen isotope stage 6 at c. 140 ka BP.
INTRODUCTION
Sequences of fluvial terraces, representing former flood plains now isolated or buried as a result of later climatic, tectonic, and erosional processes in the 2150 km 2 Waipaoa catchment, have been recognised (e.g., Adams 1910; Henderson & Ongley 1920; Gage & Black 1979) , but no catchment-wide terrace mapping other than on the Poverty Bay flats (Pullar & Penhale 1970) has been done. Some estimates of terrace ages at a few localities have been presented (e.g., Vucetich & Pullar 1969; McGlone et al. 1984) . Preliminary assessments of the climatic and tectonic conditions under which the terraces have formed have also been presented by Gage & Black (1979) , and McGlone et al. (1984) , but these studies have been based on only a few, isolated, observations. The Waipaoa catchment area is well known for very high historical erosion rates Trustrum et al. 1999 ) resulting from frequent high-intensity storms (Kelliher et al. 1995) coincidental with historical forest clearance in the catchment (Akehurst 1963; Gage & Black 1979) .
The objectives of this paper are to establish the geographic distribution and elevation of Pleistocene-aged fluvial terraces in the main branch of the Waipaoa River by means of geomorphic mapping and tephrochronology, using GPS to obtain accurate heights of terrace remnants. The results are used to establish the relative importance of climatic and tectonic controls on the formation of flights of river terraces and provide the long-term process context within which the high historical rates of landscape change in the Waipaoa catchment have occurred. The distribution, age, and elevation of the flight of terraces provide datum horizons along a c. 60 km length of the Waipaoa River from the present coastline to near the headwaters in Mangatu Forest, which can be used to establish rates and styles of tectonic movement and erosion.
The presence of fluvial terrace sequences and tephra layers, within the terrace deposits and coverbeds, provides the opportunity for both qualitative and to some extent a quantitative assessment of rates of late Pleistocene landscape change. Tephras have provided the primary means of age control in this study.
TECTONIC AND GEOLOGIC SETTING
The Waipaoa catchment is situated within the active forearc margin of the Hikurangi subduction margin (Fig. 1 ). There are marked contrasts in structural style along the length ol the Hikurangi margin. In the northern sector, north ol Gisborne, tectonic erosion of the subduction margin anil widespread normal faulting occurs (Berryman 1988; Lewi* & Pettinga 1993) . Southern sectors, south of Gisborne, are characterised by frontal accretion and a predominance of reverse faulting in outer parts of the margin, and strike-slip faults (accommodating the translational component of the oblique subduction -Beanland 1995) occur adjacent to the North Island axial ranges. The Waipaoa catchment probably lies in the northern sector as evidenced by widespread occurrences of late Miocene-Recent normal faulting (e.g.. Mazengarb et al. 1991) , generally high uplift rates particularly around East Cape (Yoshikawa et al. 1980; Ota et al. 1991 Ota et al. ,1992 Brown 1995) . Rates from drillholes with multiple samples have been averaged, and the range is calculated as a standard deviation. et al. 1991, 1992) , and recent discoveries of massive topographic collapse of the submerged part of the margin (Lewis & Pettinga 1993; Lewis et al. 1997) (Fig. 1) . The subduction interface is located at a depth of c. 15 km beneath Gisborne and 30 km below the surface at the headwaters of the Waipaoa River (Ansell & Bannister 1996) .
Widespread faults and folds deform Cretaceous-Pliocene bedrock in the catchment. The orientation and throw of these faults varies somewhat, although several of the major faults trend east-west or northwest-southeast, including the OtokoTotangi, Rakauroa, Waerengaokuri, and Arakihi Faults, which are downthrown toward the south or southwest (Fig. 1) . Late Quaternary fault scarps occur on several of the bedrock faults, but because of the low preservation potential of scarps in the landscape developed on soft Cenozoic bedrock, it is probable that the distribution of known active faults is only a subset of what may actually exist. It is likely that the Otoko-Totangi Fault is active because early-mid Quaternary fluvial and lacustrine deposits are tilted by c. 20° in close proximity to the fault. Two northeast-striking active faults occur near Lake Repongaere (Fig. 1) . One of them (Repongaere Fault) has a topographic scarp across hillslopes west of the Waipaoa flood plain, and displaces weathered Pleistocene terrace gravel at NZMS 260 Y17/3 63 8 27 (grid reference on the New Zealand metric topographic map series). The other fault is not exposed, but is interpreted to form the contact between Pleistocene gravel and Pliocene bedrock. The sense of motion on this fault is down to the south, the same as the nearby and parallel Repongaere Fault. Neither fault displaces the very young alluvial deposits of the modern Waipaoa River flood plain.
Late Quaternary vertical movements involving both uplift and subsidence have been described in coastal areas by Ota et al. (1991 Ota et al. ( , 1992 and by Brown (1995) , based on s:udy of marine deposits. Most of the coastal areas in Raukumara Peninsula are recognised as undergoing uplift. The crest of the Raukumara Range is likely to be the area of greatest uplift, based on relief and a study of summit accordance (Yoshikawa 1988) . Brown (1984) recognised that part of the Poverty Bay flats is an area of net subsidence (Fig. 2) , as is an area to the east of Wairoa (Ota et al. 1989) . Although some of this subsidence may be related to compaction of soft sediment, a component of tectonic subsidence is probable, in accordance with the westward tilting of the early-mid Quaternary Mangatuna Formation (Neef et al. 1996) on the eastern hills adjacent to Gisbome City.
Generalised geology of the Waipaoa catchment
The rocks and sediments of the Waipaoa catchment range in age from Cretaceous to Recent and can be divided into three main units based on landforms. The northernmost part of the catchment, in the headwaters of the Mangatu and Waipaoa Rivers, contains a structurally complex suite of Cretaceous and early Tertiary sedimentary rocks. The suite contains jointed sandstone/argillite, siliceous argillite, smectitic mudstone, marl, and limestone. Despite the rocks being more indurated than in the other suites, the strongly jointed nature and presence of smectitic clay results in highly unstable landforms, as evidenced by earthflows, slumps, and gully erosion pervading most hillsides. The Airstrip terrace locality (Fig. 1, 3) at the upstream extent of the terrace sequence in Waipaoa River is a small terrace remnant preserved on this older suite of rocks.
The second suite comprises Miocene-Pliocene sandstone/mudstone and mudstone, with lesser amounts of sandstone and limestone. The rock types in this suite are more competent and support steeper slopes than the previous suite. In the upper reaches of the catchment there is a widespread erosion surface characterised by gently rolling landforms mantled with ash. Downstream of the erosion surface, hillsides are steeply incised, and gully erosion and slumping are prevalent. Most of the terraces in the middle reaches of the Waipaoa River are developed on this suite of rocks.
The third and volumetrically smallest suite is midQuaternary sediment, consisting of lacustrine, fluvial, and lagoonal deposits in the middle and lower reaches of Distance from river mouth (m) Fig. 3 Profiles of terraces, river bed, and aquifers for the main Waipaoa River from the coast upstream to the Airstrip terrace. Distaiu:. from the coast is calculated by projecting the features onto the generalised profile line of Fig. 1 and 4 . The elevation range of the suil. of Holocene-age terraces is shown by the cross-hatching.
Waipaoa River (largely between Whatatutu and Gisborne City; Fig. 1 ). Areas underlain by middle and late Pleistocene lake sediments are prone to large-scale slumping (e.g., at Rangatira Station near Te Karaka; Fig. 1 
THE TERRACE SEQUENCE
The main branch of Waipaoa River extends for c. 60 km (distance measured as a smooth-curve centreline of the presumed river course during terrace-forming episodes) ( Fig. 1,4 ) NNW from the coast at Poverty Bay to headwaters on the southeastern flank of the Raukumara Range. Major tributary rivers include, from the coast upstream, the Te Arai, Wharekopae, Waikohu, and Mangatu Rivers to the south and west, and the Waimata*, Waihora, and Waingaromia Rivers to the northeast. The major tributaries generally have a NE or NNE trend, approximately parallel to the main structural grain of the region.
Stratigraphic units encountered in the Pleistocene aril Holocene aged terraces include: (1) both mudstone and hard sandstone gravel with interbedded silt and sand of a high energy fluvial system; (2) massive silt that we infer has been deposited as overbank flood deposits; (3) tephra units that are sometimes distinct but often composite, some of which have paleosols developed in their upper parts; (4) laminated lake deposits; and (5) a regionally extensive mantling silt unit that we interpret as loess that lies both above and below the 22.6 ka BP Kawakawa Tephra.
The lower reach of the Waipaoa catchment, appro* -imately downstream from Ormond (lower 15 km reach e f the river) ( Fig. 1) , is characterised by a wide valley floor 2 -10 km across with variation in elevation of the order off-i l (Pullar & Penhale 1970, fig. 6 ). The river is confined to a c. 10 m deep channel within a stopbank system. From Ormond upstream to near Te Karaka, a suite of terraces emerges above the modern flood plain, and there are smaU remnants of terraces up to 50 m above the present flood plain.
Upstream of Te Karaka in the middle reach (c. 15-45 kin upstream) of both the main branch of the Waipaoa and us tributaries, there is a rapid increase in elevation and *The Waimata River is not strictly a present-day tributary of the Waipaoa River but has been graded to the Waipaoa flood-plan elevation.
concomitant decrease in occurrence of terrace remnants. Terrace remnants are as much as 120 m above river level in the upper reach (c. 45->60 km upstream) toward the headwaters of the Waipaoa River in Mangatu Forest.
Study methods
We initially established the distribution of terraces from an airphoto study, and followed this with fieldwork to describe stratigraphic sections and to confirm the terrace distribution mapping. In conjunction with field mapping, samples for tephra identification and radiocarbon dating were collected irom auger holes at many localities, from natural and roadcut exposures, and from several cored drillholes. 
Location and height using GPS

Tephra identification
Tephra samples were cleaned and initially analysed for the presence of abundant angular glass shards, indicating a primary airfall tephra. Tephra identification was achieved using a combination of heavy mineral assemblages and electron microprobe analysis of glass shards (Table 1) . Eden et al. (in prep.) presents a detailed analysis of the tephra identification work. In conjunction with the stratigraphic position of a particular sample, the ferromagnesian mineralogy generally enabled the tephra identification to be narrowed down to one or two possibilities. For example, biotite is present as a significant component in Kaharoa (665 yr BP), Rerewhakaaitu (14 700 yr BP), and Okareka (18 000 yr BP) Tephra, while cummingtonite is present in Whakatane (4830 yr BP), Mamaku (7250 yr BP), Rotoma (8530 yr BP), and Rotoehu (c. 55-57 ka) Tephra. In cases where identification remained equivocal, the glass chemistry of key units was assessed (Eden et al. in prep.) .
The present (postglacial) setting
Water wells in the Poverty Bay flats, as far upstream as about Ormond ( Fig. 1) , have provided valuable information on the late Quaternary geological history (Brown 1995) . Water wells also define the bedrock surface beneath the Poverty Bay flats (Fig. 3) . The stratigraphy in the water wells and radiocarbon dates record the marine incursion from c. 9-7000 yr, and allows shoreline positions in the age range of 9-6000 yr to be defined (Brown 1995) . The 9-11 ka BP Makauri gravel aquifer indicates the position and elevation of the Waipaoa River as it built a delta into the ancestral Poverty Bay. The Makauri gravel is inferred to be derived from upstream reworking of gravel correlated with the Waipaoa-1 terrace aggradation (see below), which in the lower part of the valley has been termed Matokitoki gravel by Brown (1995) . The Matokitoki gravel occurs at a depth of 50-80 m beneath the Poverty Bay flats (Brown 1995) . Thus, in the late glacial period up until c. 9 ka BP, the Waipaoa River had sufficient power to transport gravel-sized material in the near-coastal reach of the river. Currently, gravel clasts are only transported to the lower reaches of the river under flood conditions, such as during the Cyclone Bola storm (March 1988) , and form insignificant channel deposits compared with the Makauri or Matokitoki gravel. Fine-grained sediments deposited above the Makauri gravel were deposited under marine and marginal marine conditions during the postglacial transgression of sea level (Brown 1995) . The maximum extent of the marine transgression was almost to Ormond (Fig. 1 ). The rise in sea level has been the mechanism for aggradation and estuarine infill in the lower reaches of the valley in the period of c. 9-6000 yr. Since c. 6 ka BP, sea level has been essentially stable (Gibb 1986 ), so any base-level changes resulting in downcutting or aggradation since that time are likely to be primarily tectonic in origin. Pullar & Penhale (1970) and Brown (1995) record substantial subsidence and Table 1 Ferromagnesian mineralogy of tephra samples from three sites on Waipaoa-1 terrace compared with published data on Waiohau, Rerewhakaaitu, and Okareka Tephras from Lowe (1988) . Mineral proportions detennined by grain count of the 250-63 urn heavy mineral (SG 2.8) fraction; n = number of samples analysed; n.a. = data not available. aggradation over the past 6000 yr, indicating compaction and probable tectonic downwarping in the lower reaches of the catchment downstream of Ormond at rates of 1-2 mm/yr. The contrast from glacial and immediately postglacial conditions ending c. 9000 yr ago, when the Matokitoki (glacial) and Makauri gravel (9-11 ka) were deposited in the lower reaches of the river, and today when gravel is only a very minor constituent of the bedload downstream of Te Karaka (Rosser 1997) , is because of insufficient river power, and illustrates the difference between near-glacial and current interglacial conditions. In the upper reaches of the catchment there is well-documented aggradation due to increased erosion following forest removal (e.g., Gage & Black 1979) , but before this historic deforestation there was widespread degradation and clear, boulder-armoured riverbeds.
These observations lead us to the simple climat; -sedimentation model (similar to Suggate 1965 and Eden 1989) where, in cold climate conditions, there is a reduction in vegetation cover and enhanced erosion capacity in the headwaters. However, in eastern New Zealand areas with stronger rainfall shadow effects, there is insufficient rainfall to generate stream power to remove the material. Thus, gravel aggradation occurs in upstream reaches of the catchment. Lower sea level at this time means that the river cut a deep canyon in lower reaches of the catchment to grace to the low base level. During interglacial periods, rainfall increased and forest cover became re-established (McGloi e . 1984) . With increased rainfall, the river power became available to transport gravel through the Waipaoa system and deposit it on the Poverty Bay flats and into the offshore area. In the upper catchment, streams rapidly downcut through the glacial-aged gravel fill and into the bedrock below, while at downstream sites, gravel aggradation gradually decreased as base levels and sea level rose, with consequent decrease in stream power. At downstream sites, overbank flooding and silt accretion became the dominant i orm of alluviation. We therefore propose that each of the upstream aggradation (fill) terraces is broadly related to cool to cold I full glacial) episodes of Pleistocene climate, and that downcutting in the headwaters and vertical accretion with overbank silt in lower reaches of the river is a warm-climate phenomenon. We establish the timing of aggradation in the middle and upper reaches of the Waipaoa River from the stratigraphy of coverbed units on the aggradational gravel using long-established procedures used in studies of the New Zealand Quaternary (e.g., Fleming 1953; Vucetich & Pullar 1969; Milne 1973; Eden 1989; Pillans 1994 ). Pullar & Penhale (1970) distinguished five episodes of infilling in the Poverty Bay flats in the past c. 3400 yr in the lower reaches of the river downstream of Ormond. On the eastern side of the lowlands there are remnants of terraces with Kaiti and Waihirere silt loam soils that have not been overtopped by sedimentation in the past c. 1800 yr. Elsewhere, the lowlands have continued to accrete by overbank siltation under flood conditions, and the terrace surface is "modern" (Pullar & Penhale 1970; Gomez et al. 1998) (Fig. 5) . Upstream of Ormond, a low-level set of terraces becomes increasingly evident. From the limited thickness of terrace deposits, this terrace set is recognised as being degradational, and is up to 20 m above the present river level (Fig. 3) .
Terraces of Holocene age
Waipaoa-1 terrace
Above the low set of degradational terraces there is a widespread aggradation terrace (referred to here as Waipaoa-1 terrace) that includes the c. 14.7 ka Rerewhakaaitu Tephra as the oldest tephra in the terrace coverbed sequence. We identify Rerewhakaaitu Tephra using the following criteria.
(1) The presence of biotite and only moderate amounts of orthopyroxene distinguishes the tephra as derived from the Okataina Volcanic Centre rather than Taupo Volcanic Centre (Lowe 1988 ).
(2) The ferromagnesian assemblages from the lowermost tephra samples from the Airstrip, Puketarewa, and Otara localities ( Fig. 1) are generally dominated by hornblende, biotite, and orthopyroxene with small amounts of cummingtonite and clinopyroxene (Table 1) , but amounts are variable. These more closely resemble Lowe's (1988) results for Rerewhakaaitu and the older c. 18 ka Okareka Tephra than Waiohau Tephra which has only trace amounts of biotite and generally more orthopyroxene (Table 1) . Rerewhakaaitu and Okareka Tephra are not distinguishable on the basis of ferromagnesian mineral assemblages. (3) At the three localities of the Waipaoa-1 terrace mentioned above, glass separates from tephra have been examined with an electron microprobe (Eden et al. in prep.) . The probe data from all three sites exhibits some scatter, suggesting, as we suspected from the composite nature of tephra observed in stratigraphic sections, that there are mixed populations of glass. The lowermost tephra sample from the Airstrip locality and Puketarewa samples appear to contain a best match with Rerewhakaaitu Tephra, with a minor component from the c. 11.8 ka Waiohau Tephra, while the Otara samples appear to be dominantly Waiohau Tephra with a minor Rerewhakaaitu component. The microprobe data suggest there is no significant component of Okareka Tephra.
This terrace becomes emergent above the modern flood plain a few kilometres upstream of Te Karaka (Fig. 3, 4 , and 5) and rapidly increases in elevation from the modern flood plain farther upstream, such that at the "Airstrip terrace" in Mangatu Forest (Fig. 3) the terrace is 120 m above the modern river level.
The terrace is recognised as aggradational in origin on :he basis of its widespread distribution and the thickness of associated gravel. In addition, at a few localities, sufficient area is preserved to determine that the terrace form is a lowangle fan with contours crossing the valley rather than angling subparallel to the river sides, as do degradational terraces. At the Airstrip locality in Mangatu Forest, the gravel comprising the Waipaoa-1 terrace is up to 30 m thick (Gage & Black 1979, p. 36) . Downstream, its thickness is variable and reaches a maximum of c. 15 m near the junction of the Mangatu and Waipaoa Rivers (note also the "bulge" in the present river profile at this point- Fig. 3 ). Farther downstream, c. 3 km from the downstream limit of the Waipaoa-1 terrace atNZMS 260 Y17/315943, the gravel is c. 9 m thick (Fig. 6) . Beneath the Poverty Bay flats the last glacial Matokitoki gravel is 10-20 m thick (L. J. Brown pers. comm. 1998).
The Rerewhakaaitu Tephra has an age of 14.7 ka I Froggatt & Lowe 1990 ). Thus, we estimate that gravel and overbank silt aggradation had ceased before 15 ka in the construction of the Waipaoa-1 terrace (Fig. 6 ). We assume that aggradation was occurring at 22.6 ka BP because Kawakawa Tephra is not included in the coverbeds, but does occur extensively elsewhere in the region on terraces and liillslopes with greater elevation than the Waipaoa-1 terrace. These stratigraphic and age relationships provide a confident basis for assigning the Waipaoa-1 terrace to the late Otiran (Suggate 1965 ) glacial episode, and thus a general correlative of the Ohakea terrace in southern North Island (Palmer 1982; Marden & Neall 1990; Pillans et al. 1993) . We illustrate this period of aggradation in relation to the isotopic record from northern North Island in Fig. 7 .
In the Whatatutu area, we also recognise two relatively extensive terrace levels a few metres below the Waipaoa-1 level, which may be similar to the Ohakea 2 and Ohakea 3 terraces of Manawatu (Marden & Neall 1990) . In Manawatu, the younger Ohakea terraces were dated at c. 13 ka BP and ;;. 10 ka BP from radiocarbon ages of wood within the gravel deposits of the terraces. In the Waipaoa, the slightly lower levels appear to have a predominance of Waiohau Tephra (Eden et al. in prep.) , and may therefore be a little older lhan 11.8kaBP.
Waipaoa-2 terrace Scattered remnants of a terrace level c. 10 m above the Waipaoa-1 terrace level occur at Whatatutu, but with greater separation downstream, particularly near Te Karaka (Fig. 3) . This terrace level has components of Mangaone Subgroup Tephra (Froggatt & Lowe 1990) , probably Omataroa and Mangaone Tephra layers of 26-28 ka BP age (Zinzuni Jurado pers. comm. 1998) as the oldest tephras above overbank silt and fluvial gravel (Fig. 6) . This relationship suggests aggradation in the Waipaoa catchment in the period c. 30-32 ka ago. There was only 1-2 m accumulation of gravel in ihis period, considerably less than the thickness of gravel i hat accumulated during the Waipaoa-1 episode. Therefore, we infer that the climatic fluctuation that precipitated a change from downcutting to aggradation in the Waipaoa-2 apisode was minor compared with the Waipaoa-1 episode.
The occurrence of Omataroa and Mangaone Tephras above aggradation gravel suggests a terrace correlation with the Ratan-aged terraces of eastern and southern North Island (Hammond 1997) . In Hawke's Bay, the paleosol developed on Ratan loess has been dated at 26 ka BP, and Omataroa Tephra has been identified within Ratan loess (Hammond 1997) . The period around 30 ka BP has been recognised by McGlone et al. (1984) and Berryman (1992) as a period of oscillating climate that did not reach full glacial conditions (Fig. 7) , but in sensitive sites loess was generated and there was a change from downcutting to aggradation in middle and upper reaches of fluvial systems. Considering the oxygen isotope and astronomically calibrated sea-level curves of Shackleton (1987) , we suggest an age of 32 ka for the Waipaoa-2 terrace aggradation in the Waipaoa River (Fig. 7) .
Waipaoa-3 terrace
Widely distributed, but small remnants of a third aggradation (fill) terrace are recognised in the Waipaoa catchment. The oldest tephra in the coverbeds is Rotoehu Tephra, which overlies overbank silts upon 2-4 m of aggradation gravel (Fig. 6) . We identify the tephra as Rotoehu based on the presence of abundant cummingtonite, and the occurrence of coarse airfall lapilli of the Mangaone Subgroup stratigraphically higher (Fig. 6) . Rotoehu Tephra has a KAr age determination of 64 ± 4 ka (Wilson et al. 1992) , and at Mahia Peninsula (Berryman 1992 ) it overlies a paleosol on top of a loess unit correlated with Porewa loess. Rotoehu Tephra is, in turn, overlain by Ratan loess. In the Bay of Plenty, McGlone et al. (1984) found Rotoehu Tephra directly overlying a carbonaceous paleosol at several sites, within which a •/Vo/Ao/agM.s'-dominant forest was replaced by a mixed podocarp and Nothofagus forest. Considering these relationships, we suggest that the Waipaoa-3 terrace in the Waipaoa catchment is a correlative of the Porewa terrace, and that Rotoehu Tephra fell some time after cessation of aggradation, that time represented by paleosol formation at Mahia Peninsula and Bay of Plenty sites, but manifest only as weak soil development in overbank silt in the Waipaoa.
We estimate the age of the aggradation by considering stratigraphic relationships with oxygen isotope and sea-level curves as proxies for global climate (Fig. 8) . The most likely episode of cold climate correlative with Porewan-aged aggradation was in oxygen isotope stage 4, c. 60-70 000 yr ago (Shackleton 1987; Nelson et al. 1993) . A short period of warming represented by paleosol formation in some sites at the beginning of stage 3 at c. 60 ka was followed by the deposition of Rotoehu Tephra, which we would estimate has an age of c. 55-57 ka, based on climato-stratigraphic arguments, somewhat younger than the radiometric age of 64 ± 4 ka obtained by Wilson et al. (1992) . An age of 64 ka for Rotoehu would indicate deposition in the middle of the Porewan-aged cold period, whereas stratigraphic relationships clearly show that Rotoehu Tephra was deposited on a paleosol that had developed on Porewan loess. We assign an age of 65 ka for the Porewan-aged aggradation in the Waipaoa, based on the considerations outlined above.
Waipaoa-4 terrace
Remnants of terraces c. 15-30 m above the Waipaoa-3 terrace appear, based on similarity of profile (Fig. 3) , to be a formerly continuous aggradation level, which we refer to as the Waipaoa-4 terrace. There are few stratigraphic sections available of the coverbed sequence above aggradation gravel of this terrace level. All have very thick sequences of overbank silts (5-10 m) over poorly known thicknesses of gravel. The oldest tephra in the coverbeds is Rotoehu Tephra, the same as for the lower, Waipaoa-3 terrace, but there are :-uggestions of additional loess deposits compared with the Waipaoa-3 terrace. Because we cannot identify the nature or age of the additional coverbeds on this terrace compared with the Waipaoa-3 terrace, we cannot establish a welldefined age for this aggradation episode. The elevation difference between the Waipaoa-3 and -4 terraces is similar to other adjacent pairs of terraces (Fig. 3) , which suggests an age difference of the same order as between the Otiran age terraces. Therefore, we suggest the Waipaoa-4 terrace may be related to cool climate, low stand sea-level episodes at either c. 90 ka or 110 ka (Shackleton 1987) .
EVALUATION OF TECTONIC DEFORMATION IN THE CATCHMENT
In the Poverty Bay flats, Brown (1995) has identified areas of uplift, stability (his "pivotal" zone), and subsidence (Fig. 2) . Uplift rates have also been derived from emergent coastal landforms on the northeastern side of the lower Waipaoa valley (Ota et al. 1991 (Ota et al. 1992 Brown 1995) in the range of 1-4 mm/yr. Subsidence rates of c. 2 mm/yr, and locally as much as 4-7 mm/yr, have been calculated by Brown (1995) from radiocarbon dates collected from apparently in situ shells intercepted in water wells on the Poverty Bay flats. Some of Brown's extreme values may be due to downward movement of shell material during drilling 'contaminating" the samples. Another factor contributing to these values is compaction of the thick, recent, watersaturated sediment. The only other attempt at estimating uplift rates in the Waipaoa catchment was by Pillans (1986) , based on observations in the Rangitikei catchment. He calculated that in the Rangitikei there has been a 4-fold increase in downcutting in the last 12 000 yr, so an uplift rate can be approximately derived as the height of the Ohakea terrace above present river level divided by four times 12 000 yr. Using this formula, Pillans obtained a value of 3 mm/yr from a terrace location described by Gage & Black (1979) in the Mangatu area.
In the middle Waipaoa catchment, vertical separation of aggradation terraces into a flight of terraces is a first-order indication of tectonic deformation in the catchment. An attempt at quantifying the rates of deformation from our data involves several assumptions and uncertainties.
(1) We assume that each of the aggradation terraces was formed under climatic conditions that would have resulted in the repeated reoccupation of the same aggradation elevation if there were no tectonism. Clearly, this is an approximation, because sea level, as the ultimate base level control on river elevation, was different for each of the glacial episodes of oxygen isotope stages 2, 3 and 4. According to Shackleton (1987) , sea level reached a low stand of c. -120 m during stage 2 (during the Waipaoa-1 terrace aggradation), c.
-80 m in the stage 3 lowstand (during the Waipaoa-2 terrace aggradation), and c. -80 m in the stage 4 lowstand that we correlate with the Waipaoa-3 terrace aggradation. These lowstand positions of sea level indicate that the coastline of the times was in the order of 30 km offshore of the present coastline (based on NZOI Chart 1961 and without consideration of more recent tectonic and hydro-isostatic movements in the outer shelf area). The c. 40 m difference in lowstand sea level between stages 2,3 and 4 will have had some effect in the middle reaches (15-45 km upstream of the present coast, and possibly 45-75 km from the coastline at lowstand sea level times in late Pleistocene) of the present Waipaoa River. We assume the different base level might be proportional to distance and height, such that 40 m over the 45-75 km distance to the coast might imply an uncertainty of up to c. 10 m for each 10 km stretch of the river. We have derived uplift estimates for each 5 km section of the river, and have therefore incorporated an uncertainty of ±5 m into our error analysis for base-level considerations.
(2) The acceptability of the assumption of self-similar aggradation processes can also be evaluated by considering the thickness of aggradation gravel under each of the fill terraces. Average gravel thickness in the middle reaches of the river where all of the Waipaoa-1, 2, and 3 terraces occur are in the order of 10 m beneath the Waipaoa-1 terrace, c. 2 m beneath the Waipaoa-2 terrace, and 4 m beneath the Waipaoa-3 terrace. Thus, the climatic event associated with the Waipaoa-1 terrace (which we infer to be the Otiran glacial maximum at c. 20 ka; Pillans et al. 1993 ) produced a more pronounced aggradation episode. From these differences, we accept an error estimate of ±5 m into our error analysis for variability in aggradation fill level.
(3) The elevations of terraces have been measured by GPS technology and have a small error of c. ±1 m, but a larger probable error may arise from projecting those heights to an averaged centreline position of the river, as shown in Fig. 1 and 4 . The sinuosity of the river is unlikely to have been identical at every point along its length at successive aggradation phases, because the power of the river is likely to vary, and because the river has been restricted to flow between remnants of older terraces during successively younger aggradation events. We cannot evaluate the uncertainty imposed by these factors, but note that the average gradient of the remaining, probably deformed, terrace remnants is, at most, c. 10 m/ km. Differences in sinuosity will, at most, be a small part of this gradient. We introduce an uncertainty of+5 m for each 5 km point at which uplift rates are calculated.
In Table 2 we derive uplift rates by measuring the elevation difference between various pairs of terraces in the sequence (Fig. 3) , and dividing the elevation difference by the age difference. The results are plotted in Fig. 8A . Uncertainty estimates are derived on the assumption that errors are probabilistic and therefore have been derived from the square root of the sum of squares of the individual uncertainties. These are:
(1)±5 m for the uncertainty in base-level control on the elevation of each aggradation terrace; (2) ±5 m for the uncertainty that the aggradation events had the same altitude; (3) ±5 m at each 5 km assessment point for the effect of different centreline positions of the river in each aggradation event; and (4) uncertainty in the ages of abandonment of each of the aggradation terraces is assessed as follows: (i) the Waipaoa-1 (Ohakean-aged) terrace is tightly bracketed at less than the 22.6 ka BP Kawakawa Tephra, and probably less than the c. 18 ka BP age of the Okareka Tephra, but greater than the 14.7 ka BP Rerewhakaaitu Tephra. Our age estimate for the culmination of aggradation is therefore 16 ± 1 ka (i.e., 6% of the age); (ii) the Waipaoa-2 (Ratan-aged) terrace has a best estimate age of 32 ka, and is certainly older than the Omataroa Tephra at 26 ka. Correlation with Shackleton's (1987) sea-level curve suggests the aggradation is younger than the 38-40 ka highstand of sea level. This range of 32 ± 6 ka is c. 20% of the age; (iii) our ag; estimate for the Waipaoa-3 (Porewan-aged) terrace is bracketed by the age assessment of 57 ka for the Rotoeha Tephra as the younger bound, and the highstand of sea level at 73 ka (Shackleton 1987) as the upper bound. Our best estimate age is thus 65 ± 8 ka, and the error estimate is c. 12% of the age.
Thus, the elevation error is ±8.6 m, and the age error of the Waipaoa-1/2 terrace pair is ±21%, ±13% for the Waipaoa-1/3 terrace pair, and ±23% for the Waipaoa-2/3 terrace pair.
The error values of Table 2 have been calculated in the following way: (i) for uplift rates between pairs of terraces = % 8.6 height difference + (% error for each age pair) x uplift rat for downcutting/aggradation to the present 5 = % height difference + (10% age error for Waipaoa -1) x uplift ni s
In Table 2 we also derive downcutting rates from the Waipaoa-1 (Ohakean-aged) terrace to the modern flood plain, and a long-term aggradation rate in the Poverty Bay lowlands from the thickness of material above the Matokitoki gravel horizon. Error estimates for this cur\e are more simply dependent on the height error of the Waipaoa-1 terrace and the modern flood plain, and the uncertainty of the age of the Waipaoa-1 terrace, assessed above as 16 ± 1 ka. These rates are plotted on Fig. 8B Generally, our estimate of errors is in the order of half of the uplift rates, but only a small part of the downcutting and infilling rates, because fewer parameters are involved n their calculation (Table 2) . Key features of the elevation profile of the terraces shown in Fig. 3 and interpreted as uplift rates in Fig. 8A are nearparallelism, and only modest separation (c. 15-20 m) of the nil terraces in the middle reaches of the river up to 40-45 km upvalley. The inferred uplift rates are in the range of 0.4-L.4 mm/yr, but often in the narrower range of 0.5-0.9 mm/ yr, with a tendency for increasing uplift rate downvalley (Fig. 8A ). The uplift rates derived from the Waipaoa-1/2 terrace pair is significantly higher at 30 km than for other lerrace pairs. This might imply increased tectonism in the period since Waipaoa-2 terrace time (c. 32 ka) in this part of the valley, but it may also reflect differences in the river course at the time of aggradation of successive terraces. Between 30 and 40 km upvalley (from the vicinity of Te Karaka to 5 km south of Whatatutu), there is a marked divergence and then convergence of the Waipaoa-2/3 terrace pair. In this reach of the river, the Waipaoa-1 terrace appears to track with the Waipaoa-2 terrace, whereas the Waipaoa-3 terrace tracks with the Waipaoa-4 terrace. Although it might be tempting to interpret these deviations as a tectonic episode c. 50 000 yr ago, it may also reflect a substantially different river course for the older two terraces compared with the younger two. When these deviations are interpreted as uplift rates, and errors assigned (Fig. 8) , then this deviation does not appear to be significant above the error estimate.
Accepting that the Matokitoki gravel underlying the Poverty Bay flats is the downstream correlative of Waipaoa-1 terrace aggradation gravel means that we can estimate uplift rates for the Waipaoa-1/3 terrace pair downstream to about the 20 km point (Fig. 3) . The apparent divergence downstream of this terrace pair translates into an uplift rate that is in the range of 0.5-0.8 mm/yr in the 30-45 km section of the river, and increases to 1.1 mm/yr at the 20 km position. Terrace remnants of the Waipaoa-3 terrace in this reach of the river occur along the eastern side of the valley, and our derivation of uplift for these is of the same magnitude as obtained by Brown (1995) for the eastern side of the Poverty Bay flats.
IMPLICATIONS FOR TECTONIC DEFORMATION
Our data on uplift rates suggest broad, regional uplift of c. 0.5-0.9 mm/yr in the middle reaches of the Waipaoa River, increasing downstream (at least along the southeastern side of the valley) to c. 1.1 mm/yr within 20 km of the coast. For the middle reaches, we have not found evidence for uplift rates of similar magnitude to the 3 mm/yr recorded for the northeast coast (Yoshikawa et al. 1980; Ota etal. 1992 ). The uplift rates derived from Holocene data in the Poverty Bay flats (Brown 1995) extend upstream only to the 10 km point. At present, we have no data on uplift rates from farther upstream than 45 km. Uplift rates for tributary catchments and stream reaches within close proximity to the Raukumara Range divide have still to be evaluated.
Deformation of the reconstructed terrace levels appears to be as broad, fold-like structures. This suggests that deformation is a response to deep-seated processes, possibly or probably involving mechanical conditions on the subduction interface, located c. 20 km beneath the middle Waipaoa terraces. Within 20 km of the river mouth there are known active faults, and uplift in Gisborne City area and offshore is probably due to these local structures (Ota et al. 1992; Brown 1995; Foster & Carter 1997) . We therefore presume that the increasing uplift rate obtained for the lower part of the Waipaoa River results from both local and deepseated tectonic movements.
In Fig. 8B we show that downcutting and aggradation rates averaged over the 16 000 yr period since the culmination of aggradation of the Waipaoa-1 terrace have been much faster than uplift rates in parts of the valley where data for both uplift and sedimentation of erosion are available. Within upper parts of the catchment, 60 km from the coast, the average downcutting rate is >7 mm/yr (Fig. 8) . This rate steadily decreases in the downstream direction towards Te Karaka, where there is a transition from net downcutting to net infill, in relation to the present-day river. Coastwards of Te Karaka, rates of infilling increase to >5 mm/yr at a point 5 km inland of the modern coastline. The average slope of the infilling part of the Fig. 8 curve is not as steep as the downcutting slope, indicating that sediment has accumulated at a slower rate than it was removed from higher parts of the catchment. This suggests sediment is carried further through the sedimentary system than we have discussed in the 60 km long section of the system characterised in this study. Also, the lower valley has a larger cross-sectional area than farther upstream where downcutting has been pronounced, so that there is more volume per kilometre of valley length in the lower part than farther upstream. The larger cross-sectional area of the lower valley therefore provides more storage space, and a lower infill rate could accommodate the eroded sediment.
With the methodology developed in this paper to assess uplift rates, we cannot evaluate the 3.0 mm/yr uplift rate derived by Pillans (1986) from the Mangatu Forest area because no remnants of aggradation terraces higher than the Waipaoa-1 terrace are preserved. However, up to 45 km upstream, the separation between the Waipaoa-1, 2, and 3 terraces is not increasing very rapidly upstream, and if this represents a 0.5-0.9 mm/yr uplift rate, then it would be surprising if in the next 15 km the uplift rate could increase 4-6-fold. We therefore suspect the estimate of 3 mm/yr, derived in part from the assumption that downcutting is a proxy for uplift, is an overestimation of the real uplift rate.
CONCLUSIONS
1.
We have identified remnants of four aggradation terrace levels preserved in the lower and middle reaches of the main branch of the Waipaoa River. 2. These aggradation terraces were primarily formed in a response to climate fluctuation during the late Quaternary. We correlate the three lowest terraces with the Ohakea, Rata, and Porewa terraces as identified elsewhere in southern North Island. 3. Tectonic deformation is by broad regional uplift in the range of 0.5-1.1 mm/yr in middle reaches of the river, with a tendency to increase downstream. In the middle reaches of the valley, the uplift is probably driven by subduction processes, whereas in the lower reaches deformation is likely to be the result of a combination of deep-seated subduction processes and local deformation associated with active faults and folds. 4. Average rates of downcutting and infilling are greater than average rates of tectonic uplift, demonstrating the importance of climate fluctuations on the landscape evolution of the region.
APPENDIX 1 Measured section descriptions, including tephra identification (bold) and depositional environment (italics). (2) massive medium white ash with manganese nodules; (3) fine white massive ash, more compact than medium ash above; (4) compact, hard, translucent fine white ash; (5) fine yellow/ white ash with sparse 10 mm thick cemented ash layers; (6) pink fine ash, 10 mm thick; (7) massive, very fine white ash; (8) weakly bedded coarse ash; (9) fine, well-bedded ash; (10) pink/white, 10 mm thick fine ash; Rotoehu Tephra.
Waipaoa
4.76-9.7 m Unit can be divided into 12: (1) pale green/grey silt, heavily manganese stained with nodules to 5 mm diameter; (2) green/grey massive clayey silt; (3) pale green/grey clayey silt alternating with very fine sand; (4) massive green/grey clayey silt; (5) massive green/grey fine sand and silt; (6) green/grey clayey silt; (7) massive yellow-brown fine sand; (8) loose, friable yellow-brown sand; (9) thin-bedded creamy yellow-white clayey silt and fine sand; (10) massive, loose yellow-brown sand; (11) wellbedded creamy orange silty clay and silt; (12) massive, loose, yellow-brown medium sand; overbank deposits.
9.7-9.86 m Loose gravelly sand with pebbles to 10 mm diameter; alluvium. 9.86-10 m Weakly bedded, loose, yellow-brown sand; alluvium. 10-10.6 m Loose, sandy gravel with pebbles 10-50 mm diameter; alluvium.
Waipaoa-4 terrace, Y17/374855 0-5.4 m Covered. 5.4-6.4 m Yellow-brown silt; loess. 6.4-6.8 m Well-bedded airfall tephra with basal fine ash. Coarse tephra is finely bedded, fine tephra is massive; Kawakawa Tephra. 6.8-8 m Massive silt, basal 0.3 m has increasing pumice lapilli; tephric loess. 8-8.6 m Coarse, loose, yellow-brown lapilli to 2 mm diameter; Mangaone Subgroup tephras. 8.6-8.9 m Fine white ash; Mangaone Subgroup tephras. 8.9-9 m Coarse pumice lapilli to 10 mm diameter; Mangaone Subgroup tephras. 9-10 m Fine white ash, massive, silcrete; Rotoehu Tephra. 10-11.5 m Mottled yellow-brown to grey, blocky massive silt; ?loess or overbank deposits. 11.5-12.5 m Massive green/grey clayey silt; overbank deposits. 12.5-12.8 m Yellow-brown sandy silt; alluvium. 12.8-15.6 m Subrounded-rounded 13 mm diameter siltstone gravel, matrix supported, orange stained; alluvium.
